This paper is concerned with homogenization of a corrugated-core sandwich panel, which is a candidate structure for integrated thermal protection systems for space vehicles. The focus is on determining the local stresses in an integrated thermal protection system panel subjected to mechanical and thermal loads. A micromechanical method is developed to homogenize the sandwich panel as an equivalent orthotropic plate. Mechanical and thermal loads are applied to the equivalent thick plate, and the resulting plate deformations were obtained through a shear deformable plate theory. The two-dimensional plate deformations are used to obtain local integrated thermal protection system stresses through reverse homogenization. In addition, simple beam models are used to obtain local facesheet deformations and stress. The local stresses and deflections computed using the analytical method were compared with those from a detailed finite element analysis of the integrated thermal protection system. For the integrated thermal protection system examples considered in this paper, the maximum error in stresses and deflections is less than 5%. This was true for both mechanical and thermal loads acting on the integrated thermal protection system. 
T HE primary function of a thermal protection system (TPS) is to protect the space vehicle from extreme aerodynamic heating and to maintain the underlying structure within acceptable temperature and mechanical constraints [1] . The current state-of-the-art reusable TPS covers the outer surface of a vehicle with a layer that does not carry significant loads but prevents the underlying loadbearing structure from exceeding acceptable temperature limits.
An intriguing alternative is to embed the relatively fragile insulation in a structural load-bearing sandwich panel. A robust, structural facesheet would then form the outer surface of the vehicle, thereby potentially removing some vehicle operational constraints, e.g., flight through rain, and reducing required maintenance. By using the insulation thickness as a structural sandwich core, there is a potential to increase structural bending stiffness, save weight, and reduce overall thickness of the vehicle wall. There are significant challenges in designing a structure to function simultaneously as an efficient aerospace load-bearing structure and a thermal insulator. The challenges include understanding the key thermal-structural loads and requirements that drive the design, identifying materials that best perform in a thermal environment, and accommodating thermal expansion mismatches, thermal stresses, and effects of temperature-dependent properties inherent in these systems. Candidate concepts comprising metallic foams and innovative core materials, such as corrugated and truss cores, have been investigated.
The corrugated-core sandwich panel is composed of several unit cells placed adjacent to each other. The empty space in the corrugated core will be filled with a non-load-bearing insulation such as Safill®. The TPS concept combines all three passive TPS concepts: heat sink, hot structure, and insulated structure [2] . The sandwich structure will replace the structural skin and the insulation in the current thermal structures. Since the sandwich construction is stiffer than single skin construction, the number of frames and stringers will be significantly reduced. Furthermore, the insulation is protected from foreign object impact and requires less or no maintenance such as waterproofing. The integral TPS/structure [integrated thermal protection system (ITPS)] design ( Fig. 1) can significantly reduce the overall weight of the vehicle as the TPS/structure performs the load-bearing function. The ITPS is expected to be multifunctional (offer insulation as well as load-bearing capability). Advantages of an ITPS concept have been identified by Martinez et al. [3] .
The finite element method (FEM) is commonly used to perform three-dimensional (3-D) stress analysis of the ITPS structure. However, a full-scale 3-D finite element (FE) stress analysis will be expensive and time-consuming for a quick preliminary sizing analysis of an ITPS. The same is true with design optimization, which may involve 1000s of analyses. An alternative is to model the ITPS as an equivalent orthotropic plate and perform a 2-D plate analysis to obtain the displacement and stress fields.
This paper is the third in the sequel of papers written by the authors on the subject of homogenization of the ITPS. The procedures are depicted in Fig. 1a . The ITPS, which consists of repeating cells, is homogenized as an equivalent orthotropic plate, and the ABD matrices (stiffness matrices) of the equivalent plate are calculated using analytical methods. In the first paper [3] , the authors described the homogenization procedures and verified the accuracy of the extensional A, bending D, and shear C stiffness matrices by comparing with those calculated using FEMs. In the second paper [4] , procedures for calculating equivalent thermal forces and moments for a given through-the-thickness temperature distribution were developed without considering shear deformations. In the current paper, the equivalent orthotropic plate is analyzed using a first-order shear deformable theory in which the transverse shear stresses are not neglected. Both pressure loads and thermal loads are considered. The plate analysis results include midplane strains f" 0 g and curvatures fg at a given x; y. Then, a reverse homogenization procedure is used to calculate the detailed stress field from the f" 0 g and fg obtained from the plate analysis. The stresses are compared with those obtained from a detailed 3-D analysis of the ITPS.
It is worth pointing out that, in the present work, analytical methods are used for every step of the procedures described above. Analytical methods are much faster than FE analysis and are suitable when 1000s of analyses have to be performed in the design optimization of the ITPS panel. Analytical methods will be extremely useful if one decides to use stochastic optimization rather than a safety-factor-based design approach.
Only a limited amount of work in micromechanical unit-cell analyses of sandwich structures is available in the literature [5] [6] [7] [8] [9] [10] [11] [12] ; it has been summarized in our previous works [3, 4] and will not be repeated here. The aforementioned researchers used the forcedistortion relationship, which involved mechanics of materials equations to determine average unit-cell stresses. In the current paper, we improve on that by use of a first-order shear deformable plate theory (FSDT) [13] for the 2-D equivalent ITPS plate analysis, reverse homogenization, and simple beam models for the local ITPS stress analysis. The higher-order theory that includes the effects of transverse shear deformation is suitable for an ITPS because of the significant transverse shear loads that are carried by the corrugated core. Although such stresses can be postcomputed through 3-D elasticity equilibrium equations, they are not always accurate. The classical laminate plate theory (CLPT) [14] underpredicts deflections and overpredicts buckling loads with plate length-to-thickness ratios less than 20. For this reason alone, it was necessary to use the first-order theory in the ITPS analysis of relatively thick plates. The primary objective and importance of using the FSDTwhen analyzing the ITPS as a two-dimensional (2-D) homogenized plate was to bring out the effect of shear deformation on deflections and stresses. The paper's objective is to derive a satisfactory approximate plate theory of an ITPS panel homogenized as a 2-D plate using the FSDT. The solution of the plate equations gives all necessary information for calculating stresses at any point of the thick plate. Local ITPS stresses of the facesheets and webs are derived by using the 2-D plate deflections w, rotations, x , y , reverse homogenization, and a transformation matrix. Reverse homogenization only captures the midplane strains and curvatures of the unit cell at the origin (see Fig. 2 ), which resulted in a uniform stress field in the facesheets and webs. Additional local analysis had to be done through one-dimensional (1-D) beam models to capture the nonuniform stress field of the facesheet and webs when subjected to mechanical and thermal loads. The ITPS panel is subjected to a uniform pressure load and thermal edge moments, and the resulting plate deflections and local ITPS stresses are compared with a detailed FE analysis of the ITPS.
II. Analysis
Consider a simplified geometry of an ITPS unit cell, shown in Fig. 2 . The z axis is in the thickness direction of the ITPS panel. The stiffer longitudinal direction is parallel to the x axis, and the y axis is in the transverse direction. The unit cell consists of two inclined webs and two thin facesheets. The unit cell is symmetric with respect to the yz plane. The upper faceplate thickness t TF can be different from the lower faceplate thickness t TB , as well as the web thickness t w . The unit cell can be identified by six geometric parameters p; d; t TF ; t BF ; t w ; (Fig. 2) .
The equivalent stiffness of the orthotropic plate is obtained by comparing the behavior of a unit cell of the corrugated-core sandwich panel with that of an element of the idealized homogeneous orthotropic plate (Fig. 3) .
The in-plane extensional and shear response and out-of-plane (transverse) shear response of the orthotropic panel are governed by the following constitutive relations:
In Eq. (1), " o and are the in-plane and transverse shear strains, and are the bending and twisting curvatures; fNg, fQg, and fMg, are the in-plane forces, transverse shear forces, and bending and twisting moments; and A, C, and D are the extensional, transverse shear, and bending stiffness. The equivalent orthotropic plate is assumed to be symmetric about its midplane, leading to a negligible extensionbending coupling matrix B. The case of unsymmetric plates will be dealt with using approximate methods as discussed in this paper. The detailed homogenization procedures for determining the A, B, C, and D matrices for the corrugated-core sandwich panel were derived in Martinez et al. [15] . In the following sections, we describe the procedures for determining the response of the ITPS to pressure and thermal loads.
A. Uniform Pressure Loading
A simply supported orthotropic sandwich panel of width b (y direction) and length a (x direction) was considered for a 2-D plate analysis (Fig. 3) . The simply supported boundary conditions are described as 
The panel is exposed to a uniform pressure load that can be represented by the double Fourier sine series, as shown in Eq. (3):
In the above equation, P mn 16P o = 2 mn for uniform pressure loads [13] , where P o is the intensity of the uniformly distributed load. The ITPS panel is also assumed to have the following deformations that satisfy the simply supported boundary conditions:
In the above equations, wx; y is the out-of-plane displacement, and x x; y and y x; y are the plate rotations.
The unknown constants A mn , B mn , and 
After solving for the unknown constants, the deflections were obtained at a given x; y coordinate on the 2-D orthotropic sandwich panel using Eq. (4). The results in the above series converged for m n 23, resulting in a total of 529 terms in Eq. (4) [10] . It should be mentioned that the shear correction factor k in Eq. (5) was assumed to be unity, as C 44 and C 55 were directly predicted using micromechanics [3] .
B. Top Facesheet Local Deflection
The top facesheet was directly exposed to a uniform pressure loading. The uniform pressure loading that acted on the thin facesheet resulted in local deflections that were not captured by the 2-D FSDT. The FSDT analysis resulted in midplane strains and curvatures at the center of the unit cell. The facesheet local deformation vector due to the pressure requires additional analysis. A 1-D beam problem was used to calculate the additional local deformation of the facesheet under uniform pressure load. Because of symmetry, only half of the top facesheet was analyzed (Fig. 4) .
A matrix structural analysis method (FE) was used to determine the deflection of the top facesheet. Half of the top facesheet was modeled using two beam elements. Displacement and rotation boundary conditions were imposed on the two ends of the facesheet. A torsional spring element with a rotation boundary condition was used at the middle node to capture the resistance to rotation offered by the web connected to the facesheet. The elements are indicated by roman numerals in Fig. 4 . Because of symmetry, A and c were zero. Because of the displacement constraint of the web and the facesheet, the deflection at junction B was set to zero, i.e., v B 0. The clamped boundary condition at node D resulted in D being zero. The consistent, or work, equivalent loads on each element due to the uniform pressure loading were computed using the beam element shape functions [16] as shown below:
In Eq. (6), i and j correspond to the left and right nodes of the beam and torsional elements, and L corresponds to the length of the beam element. The element stiffness matrix for the beam and torsional spring elements were assembled accordingly to obtain the global stiffness matrix and global force vector:
In Eq. (7), L 3 was the length of the web. Equation (7) was solved to obtain the nodal displacements, which were substituted back in the interpolation functions to obtain the transverse deflection of the facesheet:
The 1-D deflections from Eqs. (8) and (9) were superimposed with the plate deflection from Eq. (4a).
C. Stresses due to Pressure Loading 1. Stress Because of Midplane Strain and Curvature
The FSDT analysis of the equivalent plate yields midplane strains, curvatures, and transverse shear strains at given x; y of the equivalent plate. These deformations are called the macrodeformations [3] , and they are the deformations in the equivalent orthotropic plate. To calculate the stresses in the ITPS, we apply the aforementioned macrodeformations to a unit cell situated at the same point. Then, using the transformation matrices defined by Martinez et al. [3] , the (actual) deformations in the facesheets and the web were calculated. From the constitutive relations of the facesheet and web materials (layup in the cases of laminates), the stresses are calculated. A flowchart (Fig. 5 ) outlines the stress calculation procedure. In the flowchart, the x and y locations correspond to the ITPS 2-D equivalent plate, and y and z correspond the local location on either the face or web; function of y w , which would result in web stresses as a function of y w . There will be additional stresses in the top facesheet that result from the local effects of the pressure loading. These local stresses are determined from the local deflections derived in Eqs. (8) and (9) and added to that resulting from the equivalent plate analysis in Eq. (4). The stresses calculated from Eqs. (8) and (9) neglect a shear deformation term because the facesheets and webs are thin when considered by themselves and compared with the unit-cell dimensions.
Stress due to Transverse Shear Strains
In this section, we describe the procedures to calculate the stresses in the facesheets and web due to transverse shear force Q y acting on the equivalent orthotropic plate. Figure 6 illustrates the ITPS halfunit cell under the action of various forces that resulted from a transverse shearing force Q y . The unknown forces P, R, and F for unit Q y were determined from Castigliano's second theorem [16] . Then, using the procedure described by Martinez et al. [15] , the bending moments at a cross section of the facesheets or webs were determined (Appendix B). From the moment equations (Appendix B), the resulting curvature in either of the facesheets or webs was determined: 
The flowchart shown in Fig. 5 takes into account the moments from Eq. (A1) and the transverse shear force from Eq. (A3) for local stress determination. The superscript e in Eq. (10) refers to a component assignment of the ITPS. An e of 1, 2, 3, and 4 refers to the top facesheet, bottom facesheet, left web, and right web. It should be mentioned that, in applying Castigliano's theorem, we accounted only for the strain energy due to bending in various segments of the cross sections. The energy due to in-plane forces and transverse shear force was assumed to be negligible compared with the bending energy since the thickness of the facesheet and webs are small when compared with its length. The calculation of local stresses in the top facesheet due to pressure loading is a continuation of the analysis described above that determines the local transverse displacements [see Eqs. (8) and (9)]. The free body diagram of the top facesheet under the action of a uniform pressure loading is shown in Fig. 7 .
In Fig. 8 , the moments at points A and B were determined by multiplying the element stiffness matrix with the corresponding node displacement vector; see Appendix C.
The stresses at any local point of the top facesheet were determined by multiplying the moment vector with the inverse of the bending stiffness matrix and the lamina stiffness matrix of the facesheet as shown below. A superscript value of 1 refers to the top facesheet: The methods described so far are for an ITPS with symmetric facesheet configurations with respect to the unit-cell y axis, i.e., B matrix is zero. However, certain designs may call for different materials or thicknesses for the top and bottom facesheets that make it perform at its optimum for mechanical and thermal applications. Ceramic matrix composites and high-temperature metals are possible choices for the top facesheet due to their high service temperatures. Aluminum alloys and composite materials are of preference for the bottom facesheet due to their high specific heats and mass-efficient structural properties. An ITPS with different materials for the top and bottom facesheets results in a stiffness matrix with a nonzero coupling stiffness matrix, B ≠ 0. This type of ITPS configuration will be referred to as an unsymmetric ITPS. The presence of the bending-extensional coupling stiffness matrix causes considerable difficulty in obtaining solutions to a plate problem using either the FSDT or CLPT method. As an alternative, the reduced stiffness matrix approach [14] , wherein B is assumed to be equal to zero and D is modified, could be used. Then, the techniques described above for analysis of orthotropic plates can be directly used. The reduced stiffness matrix [Eq. (12) ] was used in the plate solution of an orthotropic plate with a uniform pressure load. The use of the reduced stiffness matrix tends to reduce the effective stiffness of the plate, which results in increased bending deflections while buckling loads are decreased when compared with equivalent symmetric orthotropic plates. The corresponding error in the out-ofplane plate displacement and local stresses was investigated and compared with the FE results. The reduced bending stiffness matrix D is given by [14] :
E. Thermal Stress Moment Resultants
The ITPS panel is exposed to extreme reentry temperatures that result in various temperature distributions through the ITPS thickness as a function of reentry time (transient heat transfer) [17] . The temperature distribution causes the ITPS to deform due to the resulting thermal force and moments that were determined by Martinez et. al [18] . An analytical solution was derived to predict the thermal deflection of the ITPS panel when subjected to a throughthe-thickness temperature distribution. A 2-D plate analysis was needed to determine the response of the ITPS when it was subjected to thermal moments. Consider a rectangular plate simply supported along the nonloaded edges and bent by moments distributed along the edges x 0; a (Fig. 9) .
The distributed moment in Fig. 9 is equal to the previously calculated thermal moment from Martinez et al. [18] . Typical ranges of L=h for the ITPS will be from 10 to 20, which result in nonnegligible shear effects. An FSDTapproach was implemented for the deflection solution of the ITPS plate. The boundary conditions for the thermal plate problem are as follows:
The deflections and rotations are assumed such that they satisfy all displacement boundary conditions along the edges y 0 and y b:
The deflection and curvature solutions of the plate are taken in the form of a series where A n x, B n x, and C n x are all unknown functions of x only. It was assumed that the two unloaded edges are simply supported; hence, each term of the series satisfies the boundary conditions w 0 and x 0 on these two sides. It remains to determine A n x, B n x, and C n x in such a form to satisfy the boundary conditions on the sides x 0 and x a, and the equation of equilibrium [Eq. (A1)]. Taking the assumed deflection and rotations in the form of a series and substituting them into the equilibrium equations results in three ordinary differential equations [Eq. (D1)].
We assume solutions to be of the form of an exponential series function; see Eq. (D2 
The lambdas were solved by setting the determinant of the coefficient matrix to zero. The solution to Eq. (15) yielded six solutions ; -6 . The six roots yielded six terms in Eq. (D2), which resulted in three equations with six unknowns per equation [Eqs. (D3-D5) ]. Eighteen unknown constants resulted from the equations in Appendix D, which were not possible to solve with only six boundary conditions. However, a relation was made between all 18 constants (see Appendix D), which reduced the number of independent constants from 18 to 6. A unique solution to each unknown constant was now available because of the equal number of unknown constants and boundary conditions.
The moment distribution along the edges of the plate was represented by the Fourier sine series as
For the case of a uniform distribution of the bending moments, the term M n was represented as M n 4M 
By solving the set of six linear equations, the assumed deflection equations [Eq. (15)] were solved. Equations (D6) and (D7) were used to obtain the solutions to the plate rotation in the x and y directions. bending moments along the y axis. In the case of simultaneous action of couples along the entire boundary of the ITPS plate, the deflections and moments can be obtained by suitable superposition of the results obtained from the detailed discussion. (Fig. 10a) . Because of symmetry of the ITPS panel, only a quarter of the plate was modeled. A 3-D FE analysis was conducted on the ITPS plate using the commercial ABAQUS TM version 6.4 FE program. Eight node shell elements were used to model the facesheets and webs of the unit cell. The shell elements have the capability to include multiple layers of different material properties and thicknesses that are needed to model a laminate. Three integration points were used through the thickness of the shell elements. The FEM model consisted of 15,048 nodes and 5100 elements (Fig. 10b) . The ITPS panel was subjected to a uniform pressure loading of 68,947 Pa (10 psi), and symmetric boundary conditions were imposed at the edges of the ITPS plate. The bottom facesheet had an out-of-plane displacement constraint w0; y wx; 0 0, while the top facesheet only had a rotation constraint in all three directions along x 0 and y 0 (Fig. 11 ). The FE model was constrained with the appropriate boundary conditions from Eq. (2) the analytical results (Fig. 13) . As seen in Fig. 13 , the analytical outof-plane displacement results are within a 1-2% difference from the FEM results. There was greater percentage difference near the boundary of the ITPS because the boundary conditions created localized effects that were not captured by the FSDT method and the 1-D beam analysis. At the center of the ITPS plate, the structure acted more like the homogenized 2-D plate because it was farther away from the boundary. The superposition of the displacement results obtained from the FSDT method and the 1-D beam analysis resulted in a less than 5% difference and an accurate representation of the top facesheet deflection response when subjected to a uniform pressure load. The bottom facesheet FE displacement results agreed well with the displacement results obtained from the FSDT method. The bottom facesheet deflection acted more like a 2-D plate because of the absence of local effects from the uniform pressure loading.
III. Results
To verify the applicability of present methods to unsymmetric ITPS, an ITPS with a different bottom facesheet was considered. The bottom facesheet was assumed to be of an aluminum alloy (E 72:519 GPa, 12 0:30). An ITPS panel with the same dimensions as mentioned above was modeled and analyzed for investigation of the error in using the reduced stiffness matrix in the FSDT method for an unsymmetric ITPS panel. The FEM local stresses were extracted at x a=2 and compared with the analytical stresses that resulted from the FSDT method by use of the reduced stiffness matrix. From  Fig. 14 , it can be noted that the plate displacement results were not affected by using the reduced stiffness matrix in the FSDT plate analysis. The largest difference between the FEM and analytical results was less than 5%. From the results obtained by Martinez [19] on the analysis of a plate under the action of thermal edge moments, confidence was gained with the analytical procedure for a plate solution of an orthotropic thick plate under the action of uniformly distributed edge moments. The next step was to apply that approach to analytically predict the out-of-plane displacement of an ITPS under the action of thermal moments from an applied temperature distribution. The temperature distribution that was considered for the analysis was at the 450 s reentry time of a space-shuttle-type vehicle, as described in [19] (Fig. 15) . The ITPS was composed of Inconel 617, and the resulting thermal moments for Inconel 617 are calculated and compared with the FE verification procedure discussed by Martinez [19] . The greatest percentage difference between the analytical and FEM comparison was less than 7% for M T x . The thermal moment results (Table 1) were used to determine the analytical out-of-plane displacement of the ITPS panel. Table 1 consists of two moments. The aforementioned thermal plate analysis with edge moments on the x and y axes can be used through suitable superposition (see Fig. 16 ).
The same ITPS panel that was modeled for the pressure load example was used for the temperature distribution example, except for this case, the thickness of the faces and webs was increased from 1.5 mm (0.059 in.) to 2.0 mm (0.07874 in.). The number of nodes and elements remained the same, as well as the boundary conditions. The 450 s temperature distribution was included in the FEM input file, and the out-of-plane displacement of the ITPS was extracted at x a=2 after analysis. There was no need to do any local out-ofplane displacement problem for this case because the temperatures of the top and bottom facesheets were considered to be constant because of the thin faces when compared with the ITPS thickness. Therefore, the faces were only under the action of a thermal expansion.
The out-of-plane displacement FEM result of the ITPS panel under the action of the fourth-order temperature distribution is shown in Fig. 16 along with the CLPT [19] and FSDT analytical results. The FSDT method for predicting out-of-plane displacement for an ITPS under the action of uniformly distributed edge moments does not predict accurate results for this particular ITPS panel. The FSDT method overpredicts the actual FE displacement by 50%, and the CLPT [20] method underpredicts the actual FE displacement by Table 2 . An "X" represents a constrained condition. The ITPS out-of-plane displacement results for all different boundary conditions are shown in Fig. 17 and compared with the CLPT and FSDT results. As seen from Fig. 17 , the boundary condition does not affect the center plate out-of-plane displacement. The different boundary conditions had an effect on the out-of-plane displacements that were near the edge boundary. The different boundary conditions cause different boundary effects that affect the ITPS out-of-plane displacement that cannot be captured by the FSDT or CLPT methods. The change in boundary condition did not lead to a better comparison between the FEM and analytical results.
The thermal moments that resulted from the fourth-order temperature distribution caused the ITPS panel to bend due to thermal stresses. Since the ITPS plate had a low L=h value, the thermal moments acted on a short edge length of the ITPS, which introduced other local boundary effects into the results. These local ITPS plate effects that resulted from the thermal moments were not fully captured by the FSDT and CLPT methods when the plate had a low L=h ratio. The L=h ratio of the ITPS was increased to investigate what L=h ratio of an ITPS will result in a less than a 5% prediction error of the FEM and analytical out-of-plane thermal displacement results. The L=h ratio in the FEM model was increased by adding more unit cells to the ITPS plate while keeping the ITPS thickness constant. For ITPS plates with large L=h ratios, the thermal moments now acted on a long edge length, and all the local ITPS boundary effects were minimized. The ITPS panel was able to bend as a plate, and the bending behavior was captured by the FSDT that was outlined above. The resulting maximum out-of-plane displacement was extracted from the FEM output after analysis and compared with the maximum analytical plate displacement for various L=h ratios. The percentage error decreased from 50% for low L=h ratios to 2% for high L=h ratios (Fig. 18) . The analytical and FEM results were in good agreement for that particular L=h ratio, which resulted in a less than 5% prediction error of the ITPS out-of-plane displacement from a fourth-order temperature distribution (see Fig. 19 ). The FEM and analytical stress results were plotted at x a=2 for an ITPS panel with an L=h 18 (Figs. 20 and 21 ).
C. Integrated Thermal Protection System Local Stress
The FEM local stresses in the x and y directions were extracted from the FEM output after analysis at x a=2. The analytical top facesheet stresses were computed by superimposing the stresses results from was less than 2% for stress results near the center of the ITPS plate. The percentage difference for the web stress in the x direction was less than 1% when compared with the FEM results. The percentage difference for the web stresses in the y direction was less than 3% at the center of the plate and greater than 5% near the boundary of the ITPS panel. The analytical local stress of the right web in the y w direction was different than the FEM results because, near the boundary of the ITPS, there was a large change in curvature due to the local boundary effect that was not captured by the analytical model. The curvature was changing through the length of the unit cell while, in the analytical model, the curvature was kept constant. The local stress prediction gets better when the local stresses are compared at the center of the plate. There are less boundary effects, and the curvature can be assumed constant for a unit cell.
For investigation of the penalty of using the reduced stiffness matrix in the FSDT method for an unsymmetric ITPS panel, an unsymmetric panel with the same dimensions as mentioned above was modeled and analyzed. The difference in this new model was that the top facesheet and webs were composed of Inconel 617, and the bottom facesheet was composed of an aluminum alloy (E 72:519 GPa, 12 0:3). The FEM local stresses were extracted at x a=2 and compared with the analytical stresses that resulted from the FSDT method by use of the reduced stiffness matrix. The comparison between the FE results and the stress results obtained from the FSDT method are illustrated in Figs. 22 and 23 . The results indicated that there was a 20% difference between the analytical and FE results in the top facesheet when using the reduced stiffness matrix. The use of the reduced stiffness matrix in the FSDT method did not have any effect on the bottom facesheet and web stresses when compared with the FEM results. The difference was much more noticeable in the top facesheet because of the local effects that resulted from the uniform pressure load.
IV. Conclusions
A 2-D plate solution for determining out-of-plane displacement of an orthotropic thick plate was established and verified with FEM for a uniform pressure load and uniform thermal edge moments. Additional local facesheet deformations and stress were superimposed with the 2-D plate results to capture the local effects of the distributed pressure load on the facesheets. Kirchhoff hypotheses and Euler-Bernoulli plate equations were used for the local displacement and stress analysis of the facesheets and webs. The symmetric and unsymmetric plates resulted in a less than 5% prediction error in the plate's out-of-plane displacements when compared with the FEM. The plate solution provided less than 5% prediction error results for ITPS panels with L=h ratios greater than 18. An ITPS panel with a low L=h introduced local boundary effects that contributed to the panel's out-of-plane displacement. A 1-D beam analysis was done on the top facesheet to account for the local bending of the top facesheet due to its thin thickness. The local boundary effects that introduced local displacements and stresses were not fully captured with either the FSDT method or the CLPT method. with the bending stiffness matrix of the facesheet to obtain facesheet stress: 
Appendix D: Edge Moments
In this section, the assumed solutions to the plate deflection with edge moments are provided. A relationship is also made to reduce the number of unknown constants from 18 to 6.
Ordinary differential equations to a 2-D plate with edge moments: 
